OBJECTIVES: Despite advances in perioperative management during surgical treatment of hypoplastic left heart syndrome (HLHS), patients are still at risk for adverse neurodevelopmental sequelae including cognitive dysfunction. This study aimed to assess a neuropsychological profile of HLHS patients at school age who underwent the Norwood operation between 1996 and 2003 with deep hypothermic circulatory arrest (DHCA) or antegrade selective cerebral perfusion (ASCP), respectively.
INTRODUCTION
Since the introduction of the Norwood operation for HLHS in the early 1980s, surgical and perioperative management have steadily improved and resulted in a substantial increase in survival rates [1] [2] [3] . However, neonates with HLHS are still exposed to a variety of perinatal and perioperative risk factors that may affect cognitive and behavioural development. Increasing attention is paid to the shortand long-term developmental outcomes. In various previous academic achievement. Cognitive abilities supporting intellectual performance include memory, attention and concentration [15] . Poor abilities in these domains can lead to an impaired accumulation of knowledge and skills resulting in a gradual IQ decline [16] .
The objective of the study was to evaluate neurodevelopmental performance among HLHS patients at school age after successful three-stage repair in comparison with healthy controls. While in previous studies cognitive testing focused on general intelligence, gross and fine motor as well as visual motor functions, the selection of tests used in our study focused on non-verbal intelligence and neurocognitive functions supporting intellectual performance. We evaluated whether HLHS patients show an overall cognitive impairment as indicated by previously reported general IQ scores or if subtle neuropsychological dysfunctions might contribute to a worsened use of the child's intellectual capacity and poor academic achievement.
PATIENTS AND METHODS

Patients and control groups
HLHS patients after successful three-stage repair at school age with a minimum age of 6 years at the time of testing were eligible to participate in the study. Between January 1996 and December 2003, a total of 105 patients underwent a Norwood procedure at our institution. Before the close of the study in December 2009, 59 of the patients successfully underwent the three-stage repair and were eligible for testing. The avoidance of deep hypothermic circulatory arrest (DHCA) and the implementation of antegrade selective cerebral perfusion (ASCP) during aortic arch reconstruction was a major change in surgical management. DHCA was the standard mode of cerebral protection from 1996 until 1999 and was replaced by ASCP in the year 2000. Patients from both periods of brain protection were included in the study, but were analysed separately.
Longitudinal neuropsychological testing with the Kaufmann Assessment Battery for Children (K-ABC) was implemented in our routine follow-up programme in 2005 [17] . The first assessment of neurocognitive functions with the K-ABC took place 1 year after Fontan completion and was repeated every 2-3 years. Except for 3 cases where ASCP was used, all patients eligible to participate in the study were assessed with the K-ABC. According to the latest K-ABC test results and by clinical impression or the type of schooling, 13 patients (DHCA: n = 9 and ASCP: n = 4) who did not seem able to accomplish neuropsychological assessment were excluded a priori to assure test validity. In addition, 6 patients (DHCA: n = 2 and ASCP: n = 4) were lost to follow-up or did not give consent to neuropsychological testing.
To account for a potential selection of high-performing patients, K-ABC test results of the patients enrolled in the study were compared with those of the remaining patients of the total HLHS group, who underwent testing with the K-ABC in our institution since 2005.
Finally, 40 children at school age were enrolled and underwent testing between May 2008 and July 2010. Of them, 11 patients underwent the Norwood operation with DHCA and 29 children were provided with ASCP.
Most neuropsychological tests used in our study lack currently valid and sufficient normative data for children of different ages. To provide a comparison for neuropsychological test results, we used a control group design with healthy children who were formerly treated for transient illnesses at the Department of General Paediatrics. Candidates for both control groups were selected by gender and age to be matched with a patient of the DHCA or ASCP group, respectively. The families were contacted by mail and asked for participation in the study. Overall, 45 control subjects were recruited. After informed consent was obtained from the parents, the children of the control groups were assessed with the same tests as the HLHS patients. Socioeconomic status of their families was evaluated by a questionnaire and an index composed of the parents' education, occupational status and income was derived as previously described by Winkler [18] . Based on this index, the social stratum was divided into three different classes (upper, middle and lower class). Afterwards, 10 children needed to be excluded due to non-matching social stratum and 1 child due to a history of toxoplasmosis during pregnancy. Finally, 10 controls for patients operated with DHCA and 24 controls for patients provided with ASCP were included in the study.
Institutional review board approval was obtained and parents of patients and of controls gave their informed consent for neuropsychological testing.
Norwood operation and subsequent procedures
The technique of the Norwood operation has been reported elsewhere [1] . Pulmonary blood flow was provided with a modified Blalock-Taussig (BT) shunt in all patients. Between 1996 and 1999, all operations were performed with DHCA. The pH-stat method was used for cooling to a minimum temperature of 18°C. Selective antegrade cerebral perfusion during aortic arch reconstruction was introduced in the year 2000 and was provided via the modified BT shunt with pump flows of 15% of the target total bypass flow.
Subsequent procedures after the Norwood operation included a superior cavopulmonary connection using the hemi-Fontan technique followed by a total cavopulmonary connection with a fenestrated intra-atrial tunnel.
Median age, mean weight and duration of cardiopulmonary support at all three surgical steps were collected for each patient. Cardiopulmonary bypass times were cumulated across all surgeries performed. DHCA times of the Norwood procedure were utilized for analysis.
Length of hospital stay and occurrence of perioperative complications were assessed for all three surgical steps.
Neuropsychological assessment
Every child was examined in a single session. Neuropsychological assessment was performed by an experienced psychologist (A.B.). Neuropsychological tests applied in this study often did not provide adequate normative data for children of different ages. Therefore, raw scores were used to compare patients with control subjects for most tests. If applicable, qualitative scores (below average, average or above average) were provided.
Non-verbal intelligence
To provide a reference of non-verbal intelligence, all patients and children of the control groups worked on the German versions of the Culture Fair Tests. Results are reported as IQ scores with average IQ scores of 100 points and a standard deviation of 15 points.
Short-term memory
Short-term memory in verbal presentation (verbal modality) was assessed by the Auditory Number Span test from the German version of the Wechsler Intelligence Scale for Children IV (WISC-IV). Sequences of digits with increasing length (2-9 digits) were read to the patient. The longest digit sequence accurately recalled was evaluated. The Block Span test from the Corsi Block-Tapping test was taken as an analogue measure for visual short-term memory. Instead of hearing digits, a sequence of blocks with increasing length (2-9 blocks) was presented by the examiner. The patient was asked to point at the blocks in the same order they were presented. The longest sequence accurately recalled was evaluated.
Learning and long-term memory
Auditory verbal learning scores as well as measures of long-term memory (delayed free recall and memory loss) and recognition were taken from the German version of the Auditory Verbal Learning Test. A list of 15 unrelated words was read to the patient. The number of correctly repeated words in five different trials represented the verbal learning score (maximum score 75 points). Delayed free recall was evaluated after 30 min and presentation of an interference list of 15 words (maximum score 15 points). Memory loss was defined as the difference between correct answers in the fifth trial for verbal learning and delayed recall. Lower scores were associated with better performance. Recognition was assessed with a third word list containing the words of the learning and interference list and 20 additional words not presented previously. The raw score for recognition performance was the number of recognized words after subtracting false answers (maximum score 15 points). 
Processing speed/concentration
The German WISC-IV provides a subscale to assess processing speed (Coding and Symbol Search). The coding test consists of symbols paired with simple geometric shapes (6 to 7 years of age) or numbers (8 to 16 years of age). Patients had to complete a list of geometric shapes/digits and draw the corresponding symbol within a specific time limit. Maximum raw scores were 65 points (6 to 7 years of age) and 119 points (8 to 16 years of age). For the symbol search test, patients had to indicate if a given target symbol matches any object in a group of symbols. Raw scores were calculated as the difference between correct and false answers (maximum score 45 points for patients 6 to 7 years of age and 60 points for patients 8 to 16 years of age). Children of 9 years and older additionally accomplished the 'd2' test, measuring concentration. Certain characters (the letter d with two dashes arranged either above or below the letter) had to be identified in a list of distractors by marking them within a time limit. Raw scores for concentration performance were computed by subtracting the number of wrongly identified characters from correctly identified symbols (maximum score 308 points). Both methods require speed and accuracy on tasks with a constant level of difficulty.
Executive functions
Executive function is a multidimensional construct including planning, organizing, problem solving, cognitive control, flexibility and supervisory attention [19] . An established measure of verbal executive function is word fluency [20] . Children aged 6-7 years were tested by semantic fluency (categories: animals, foods/ drinks). Older children also worked on semantic shift tasks. For semantic fluency, patients were asked to say as many words as possible from a category in a given time. For the semantic shift task, patients had to switch between two different categories after each answer. The number of correct words after subtracting false answers was recorded. In visual modality, copy scores of the Rey Figure 
Statistical analysis
Statistical analyses were performed with the statistical software package SPSS 17.0 (SPSS, Inc., Chicago, IL, USA). Continuous variables are presented as median and minimum-to-maximum interval range, and categorical data as number and percentages. Categorical data were analysed with Fisher's exact test. Continuous variables were analysed with the non-parametric Mann-Whitney U-test. Patient and control groups were unbalanced in terms of sample size, and requirements for statistical testing with a test designed for paired data were not met. Instead, test results between patients and controls were compared with the non-parametric Mann-Whitney U-test. Correlations were calculated by the non-parametric Spearman correlation coefficients (r S ). To control for multiple testing effects, the Bonferroni method was applied and P-values were adjusted for every neuropsychological domain and-in the case of memory and executive functions-for every stimulus modality. P-values presented in the text, tables and figures are adjusted P-values. For all analyses, a P-value of <0.05 was considered statistically significant.
RESULTS
Characteristics of patients and controls for both groups are given in Table 1 . In both groups, no differences between patients and controls were found for gender, age at testing and social class. In patients with HLHS, anatomical subtypes were not distributed differently between the DHCA and ASCP group (P = 0.849). At neuropsychological assessment, patients provided with ASCP were younger compared with patients operated with DHCA [median age at testing 7.0 (6.0-10.5) years vs 9.5 (8.8-12.2) years, P < 0.001]. One child of each HLHS group was born preterm, while none was in the control groups. In the DHCA group, there were 2 cases of epilepsy and 2 cases of diabetes mellitus type 1, while 1 case of each diagnosis was found in ASCP patients. In 1 ASCP patient, a diagnosis of attention deficit hyperactivity disorder, treated with methylphenidate, was reported by the parents.
Perioperative data
Perioperative data of all three surgical steps are displayed in Table 2 . Overall, perioperative complications occurred in 63.6% of the DHCA and in 58.6% of the ASCP patients. These included complications before the Norwood procedure with signs of multiple organ failure in 2 (18.2%) patients of the DHCA group. In the ASCP group, preoperative complications occurred in 6 (20.7%) patients and included signs of multiple organ failure or necrotizing enterocolitis in 5 cases. One of these patients also presented with seizures. Another patient developed 1°cerebral haemorrhage and seizures after cardiopulmonary resuscitation. Postoperative complications after the Norwood procedure were seen in 5 (45.5%) patients of the DHCA group including focal seizures in 2 cases, cardiopulmonary resuscitation due to shunt obstruction in 1 case and signs of multiple organ failure in 2 patients. In patients provided with ASCP, complications were noted in 10 (34.5%) patients and included focal seizures in 2 cases. In addition, reoperation due to bleeding, pericardial tamponade or shunt revision was seen in 4 cases, sepsis was diagnosed in 2 patients and arrhythmia was present in 2 cases. After the hemi-Fontan procedure, complications occurred in 2 (18.2%) patients of the DHCA group, including cardiopulmonary resuscitation and thrombus formation in the left ventricle remnant. In patients of the ASCP group, complications were seen in 4 (13.8%) and included arrhythmias leading to cardiopulmonary resuscitation in 1 case, left pulmonary artery thrombosis and low cardiac output. No postoperative complications were seen after Fontan completion.
Type of schooling and additional therapeutic services
In the DHCA group, 9 of the 11 (81.8%) patients visited regular schools. Patients supported with ASCP were younger than patients of the DHCA group. Therefore, 13 (44.8%) of the 29 patients still went to kindergarten or preschool and 9 (31.0%) were in a regular primary school. Special education was applied in 7 (24.1%) cases. In both control groups, all children received age-appropriate type of schooling. At the time of testing, 4 (36.4%) patients in the DHCA group and 11 (37.9%) in the ASCP group received early intervention. Occupational therapy was provided for all patients in the DHCA group and for 12 (41.4%) children in the ASCP group. Five (45.5%) patients of the DHCA group and 11 (37.9%) of the ASCP group received speech and language therapy. Physical therapy was provided for the DHCA and ASCP groups in 4 (36.4%) and 16 (55.2%) cases, respectively. Early intervention, occupational therapy, speech and language therapy and physical therapy were also applied in up to 50% of the control patients.
Kaufmann Assessment Battery for Children
Overall, 56 of the 59 patients eligible to participate in the study were previously assessed with the K-ABC test (Table 3) Median scores tended to be higher on the Achievement scale [68 (43-111) vs 83 (51-122), P = 0.054]. A significantly higher proportion of cases in the DHCA group were not enrolled in the study compared with patients of the ASCP group (11/22 vs 8/34, P = 0.042). According to qualitative K-ABC results, patients enrolled in the study achieved significantly higher results than patients who did not participate in the study (Table 3) .
Neuropsychological assessment
Regarding non-verbal intellectual capacities, both HLHS groups scored in the average range but had significantly lower scores than the control groups (Tables 4 and 5 ). The latter showed intellectual capacities in the average range (ASCP controls) or above-average range (DHCA controls). IQ scores below average (<85 points) were seen in 27.3% of the DHCA patients and in 20.7% of the ASCP cases. None of the control patients had an IQ score of less than 85 points.
All HLHS patients showed significantly lower results in both verbal and visual long-term memory compared with their controls (Tables 4 and 5 ). Scores below average for delayed free recall in the Auditory Verbal Learning Test were seen in 4 (36.3%) patients of the DHCA and in 13 (44.8%) patients of the ASCP group. None of the DHCA controls and 2 (8.3%) children of the ASCP control group scored below average. Delayed free recall of the ReyOsterrieth Complex Figure test revealed results below average in 63.6% of the patients in the DHCA and in 64.3% of the patients in the ASCP group. In both control groups, average scores or above were seen in 90 and in 87.5% of the patients. Additionally, DHCA patients also scored less in visual short-term memory (Table 4) , and patients of the ASCP group revealed poorer verbal learning performance than the control group (Table 5) .
Both HLHS groups scored less on the Symbol Search task measuring processing speed (Tables 4 and 5 ) and, compared with their controls, DHCA patients also showed a trend of reduced concentration assessed by the 'd2' test (Table 4) .
When comparing executive functions between HLHS patients and control groups, ASCP patients scored significantly less in semantic word fluency irrespective of category (Table 5 ). Further analysis of the verbal fluency tasks showed that the lower raw scores of HLHS patients were due to a poorer production of words rather than an increased rate of false answers. In the visual modality of executive functions, both HLHS groups performed significantly poorer in copying the complex Rey 
Neuropsychological test results and duration of deep hypothermic circulatory arrest and cardiopulmonary bypass
In the DHCA group, the duration of DHCA and the time to complete the Making A Test measuring visual executive functions showed a strong positive relationship by means of Spearman correlation analysis (r S = 0.867, P = 0.018; Fig. 1 ). In patients provided with ASCP, the cumulated cardiopulmonary bypass (CPB) duration was significantly correlated with the block span score assessing visual short-term memory (r S = −0.476, P = 0.020; Fig. 2 ) as well as with the copy score of the Rey Figure evaluating visual executive functions (r S = −0.399, P = 0.032; Fig. 3 ). In addition, there was a statistical trend between the cumulated CPB duration and the score of the Symbol Search test measuring processing speed (r S = −0.368, P = 0.054). COMMENT HLHS patients who underwent the Norwood procedure with DHCA as well as those provided with ASCP, scored in the average IQ range.
Owing to the complexity of our test battery, a pre-selection of patients was required to assure test validity. K-ABC test results from prior testing revealed lower scores in the DHCA group compared with patients provided with ASCP during the Norwood procedure. Compared with the ASCP group, a higher proportion of the DHCA patients were not enrolled for final testing and according to K-ABC test results both subgroups, but especially the DHCA cohort, were composed of rather high-performing patients. Although IQ scores were in the average range, comparisons between HLHS patients from both groups and control subjects still revealed significant differences in non-verbal IQ, which however also might be influenced by high IQ scores of the control group. IQ scores in the normal population range were also found by Brosig et al. [14] , who determined the neurodevelopmental outcome of HLHS patients of 4-6 years of age. But despite normal IQ scores, patients showed deficits in visual motor and attention skills [14] . Non-verbal IQ is only one aspect of intellectual functioning and specific neuropsychological deficits might be of particular relevance for cognitive development and learning. These deficits were found in our cohort irrespective of the mode of cerebral protection during the Norwood procedure. Both HLHS groups showed significantly poorer performances in several neuropsychological domains in comparison with their control groups.
HLHS patients who underwent the Norwood procedure with DHCA and those provided with ASCP scored significantly lower on verbal and visual long-term memory tasks than controls. In HLHS patients, difficulties in visual memory have previously been reported [11] . In healthy children, long-term memory capacities rise steadily during development in close relation to processing skills and immediate memory processes [16] . Therefore, the deficit in visual long-term memory in the DHCA group might also be related to a reduced visual short-term memory span, which was found in comparison with the control group and with normative data [21] . In addition, the duration of DHCA showed a strong positive relationship with the time to complete the Trail Making Test A measuring visual executive functions. These results might suggest an impact of DHCA on central nervous system structures and components involved in visual memory processes.
In the verbal modality, difficulties to store information in longterm memory might be due to an ongoing poor use of cognitive memory strategies and inefficient allocation of cognitive resources which are both needed to develop a cognitive memory network [22] . ASCP patients scored significantly lower than controls on the verbal learning task, which aims to measure data acquisition and working memory. The low performance on this task is explained by language impairment or low processing speed, which was found in both groups [23] . Processing speed has been described as an overall indicator of cognitive efficiency, which increases across modalities during cognitive development and allows surplus attention resources to spare [16] . A deficit in concentration, which was found as a trend in DHCA patients, might additionally impair mental operations.
Executive performances were significantly poorer in the ASCP group (verbal and visual modality) and in the DHCA group (visual modality) compared with controls. Deficits in executive performance have been described in preschool HLHS patients [10] . These complex cognitive functions are linked with the gradual development of attention, memory, speed and language functions and represent the integrity of cerebral development [16] . In patients provided with ASCP during the Norwood procedure, visual executive functions and visual memory span were inversely correlated with cumulated CPB duration. In the DHCA group, time to accomplish the Trail Making Test (tracking) increased with longer duration of DHCA. In a multifactorial framework, DHCA or prolonged duration of CPB might affect central nervous system structures underlying cognitive processes involved in these aspects of executive functions.
Among others, the type of cerebral protection during the Norwood procedure has been discussed as a potential risk factor for adverse neurodevelopmental outcome. DHCA was the standard mode of cerebral protection during the Norwood operation until the late 1990s and was replaced by ASCP in an attempt to provide cerebral oxygenation during aortic arch reconstruction [24, 25] . There is no clear evidence for an advantage of ASCP over DHCA in terms of survival rates after the Norwood procedure, and analyses of neurodevelopmental data show no significant difference between surgical groups regarding cognitive and psychomotor abilities [4, 5, 8] . The Single Ventricle Reconstruction Trial showed lower Mental Developmental Index (MDI) scores in patients who underwent the Norwood procedure with DHCA in univariate analysis, but neither the type of perfusion nor the absolute duration of DHCA was an independent predictor of MDI scores in the final multivariate model [8] . Innate patient factors such as low birth weight or presence of a genetic syndrome, and postoperative factors such as longer mechanical ventilation and hospital stay and overall morbidity in the first year seemed to be more closely related to neurodevelopmental impairment than intraoperative management strategies [8] .
The design of our study did not allow a direct comparison between patients operated with DHCA and those provided with ASCP due to significant differences in age at testing and the lack of sufficient normative data for neuropsychological tests applied in our study. Both groups scored in the average IQ range and, compared with controls, both showed similar deficits in subtle neuropsychological domains. Therefore, in this cohort of pre-selected HLHS patients, ASCP is not likely to provide a significant advantage for neurocognitive outcome.
Limitations and future directions
The present study has certain limitations that need to be taken into account. The sample size is relatively small and the complexity of the neuropsychological testing required pre-selection of patients, which resulted in a selection bias. A significant number of patients, especially in the DHCA group, with lower scores in the K-ABC assessment had to be excluded. Neuropsychological tests used in our study lack currently valid and sufficient normative data for children of different ages, which did not allow a direct comparison between groups. To provide a comparison for neuropsychological test results, we had to use a control group design with healthy children. Multicentre studies with larger patient groups and standardized neuropsychological testing protocols are needed to enhance statistical and explanatory power regarding the long-term cognitive development of HLHS patients and to control for confounding variables.
Conclusion and clinical implication
Our results indicate that school-age children with HLHS show deficits in specific cognitive domains such as memory, executive functions and processing speed rather than basic intellectual dysfunction. Presumably, these deficits contribute to learning problems. In addition to an extended understanding of the cognitive phenotype, our results advise specific pedagogic and therapeutic interventions to aid the development of learning strategies that will aid management of the described difficulties.
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